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ABSTRACT
A comparison was made between two small watersheds in eastern Pennsylvania
to determine the factors controlling the concentration of dissolved organic carbon
([DOC]) and the optical properties of DOC in headwater streams during storms. These
two watersheds differed in land cover (one was dominated by agricultural land and the
other by forested land). Previous studies have investigated changes to stream chemistry
during·storms over time scales that ranged from 3 hours to several days. This study
focuses on the changes that occur on an hourly basis as a function of landcover. Stream
'samples, stream level and precipitation measurements were collected over a period of
time between June 2004 and November 2004 and- between March 2005 and November
2005. Rain and throughfall samples (under select trees near each site) were also collected
via rain fu.tfu.els and sample bottles. DOC optical properties (specific UV absorption and
Fluorescence Index) were used to infer changes in DOC source (terrestrial plant biomass
rich in lignin, versus aquatic microbial biomass rich in quinones). Cations were analyzed
to surmise water source, flow path (groundwater, canopy throughfall, direct precipitation
and overland shallow flow) and the time lags between these different sources.
Hysteresis plots of [DOC], specific conductance, and cation concentrations
demonstrated different time lags between the two sites (the forested site recovered more
\ . .
rapidly from storm runoff). Positive correlations observed between [DOC] and
[Potassium], [Aluminum] and [Manganese] during storm runoff illustrated the~r potential
for use as indicators of canopy throughfall, but more work is needed to distinguish the
contributions of throughfall, fresh litter, organic soil horizons, and to understand the b~sis
for these potential proxies. Changes in DOC optical characteristics (aosorbance and
1
\ -
fluorescence emission spectra) suggested a shift during storm runoff from baseflow DOC
(autochthonous in-stream microbial production) to storm DOC dominated by terrestrial
DOC (allochthonous production) and back to baseflow. The combined cations ratio of
Calcium to Potassium was shown to be a potentially useful proxy for [DOC] flowpath.
Mor~ work is needed to determine the significance of observed seasonal and between-site
variations in this proxy.
!
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INTRODUCTION
The burning of fossil fuels by human activities releases emissions that perturb the
carbon cycle on earth. In addition to the warming of the planet, a decline in the thickness
of stratospheric ozone is allowing greater amounts of ultraviolet radiation (UVR) to reach
the surface of the Earth. Increased inputs of UVR into streams could be detrimental to the
health of the flora and fauna that depend on streams as habitat. Land use practices such as
deforestation are known to cause changes in the transparency of streams by changing the
normal flow patterns that storm water follows in order to reach the stream, causing more
sediment to enter the stream. UV-attenuating substances such as dissolved organic
matter (DaM) and particulate matter (PM) enter streams through rain-mediated events
that transport it from the catchment area into the stream. The dissolved organic carbon
(DOC) portion of DaM found in stream water samples as well as in precipitation and
throughfall samples is one ofthe major light absorbing materials in aquatic systems.
The movement and concentration of DOC is primarily controlled by the
interactions between the watershed, groundwater and the stream (Johnson et aI, 1997).
Sources of DOC can be either autochthonous (microbially derived) or allochthonous
r
(terrestrially derived) and the proportion of either in each sample as measured by its
spectral property is usually an indicator of which source is the dominant DOC pool in the
system. Watershed area influences the concentration of DOC ([DOC]) by regulating the
store of organic carbon that the system contains; all other factors being equal, a large
watershed will typically have more organic carbon available for downstream transport
than a small watershed. DOC absorptivity is influenced by the residence time of the
3
physical and chemical processing that occurs in stream by microorganisms that the water
undergoes as it travels downstream (Curtis & Schindler 1997; Dillon & Molot 1997).
Forest cover also plays an important role in the flux of organic carbon into the
system. Permanent trees and vegetation are able to hold the land surface together better
than semi-permanent or seasonal crops. The stabilization of the soil by vegetation
prevents large-scale erosion and large losses of DOC and PM into the stream. Areas with
high amounts of croplands will have seasonal fluxes in the amounts of PM and carbon
that is transported into the streams due to the seasonality of crops in the eastern United
States. Precipitation that interacts with the canopy (throughfall) becomes chemically and
physically composed of a mixture of wet deposition, dry deposition and the remnants of
canopy processes such as uptake or leaching, and thus affects the stream water chemistry
through the introduction of terrestri~ products (Lawrence and Fernandez 1993). During
wet precipitation events, the leaves are washed and everything the leaves collected or
released is deposited directly onto the surface of the stream or onto" the soil surface where
it becomes mixed with soil water.
Autochthonous DOC, primarily from algal sources within the stream, typically
has a higher DOC-specific fluorescence and a lower molecular weight than allochthonous
DOC (McKnight et al. 2003). Allochthonous DOC on the other hand, is the soluble
fraction of organic compounds derived from the decomposition of plant material, soil
organic matter and through physical and chemical leaching of leaves (Cory et al. 2004)
Allochthonous DOC arrives in streams from terrestrial environments via many pathways
such as leaf litter falling directly into surface waters (Meyers 1998; Baldwin 1999) or
from canopy throughfall, but the majority is transported through the soil column either
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vertically or laterally (Cronan 1985; McDowell 1988; Dosskey 1994; Kaiser 2005). DOC
pathways during storms correspond to several cations not typically present at high
~
concentrations. These cations can potentially be used as tracers to indicate the source
pool from which the DOC originated. Fig~ 1 illustrates the different pools and
pathways that DOC and the major cations in stream chemistry and how they enter the
stream during a storm. McDowell and Wood (1984) found that DOC concentrations are
usually higher during periods when flow paths are near the surface of the watershed
where the organic rich soil horizon resides.
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Figure 1: During a storm, DOC and major cations that are not typically present in
basejlow can enter a stream via a number ofdifferent pathways such as through overland
jlow, throughfall, stemjlow ~nd soil water. Stream water during basejlow conditions is .
predominately composed ofgroundwater which is generally low in DOC and high in
Calcium. Precipitation itselfis typically low in cations and DOC, but once it interacts
with forest canopy it becomes and becomes mixed with soil water, it becomes high in
DOC and Potassium, but remains low in Calcium.
5
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Through detailed analysis of fulvic acids (DOC) in aquatic ecosystems, McKnight
et al. (2003) developed a fluorescence index (PI) for assessing the source of DOC. FI is a
ratio of the emission intensity for a sample at a wavelength of 45Q nm to a wavelength of
500 run when the sample is excited at 370 run. Values of approximately 1.9 are
associated with microbially derived DOC and values around 1.4' for terrestrially derived
DOC (McKnight et al. 2003). This study paired an agricultural watershed with a forested
watershed to determine the relative contribution of allochthonous and autochthonous
DOC in stream flow, using the PI and ion analysis. The source of DOC during a storm is
a significant factor in determining the influence landcover has on the concentration of
DOC entering a stream.
Previous studies have investigated the chemical changes that occur in streams
during storm events (Brown 1998; House .. 1998; Ladouche 2001; Katsuyama 2002;
Bowes 2005) based on samples collected at intervals ranging from every three hours to
biweekly. For this study, an hourly storm sampling routine was developed and
implemented in two separate watersheds (differing in landcover). This pairing of
watersheds allowed the changes in DOC concentration and optical properties to be
evaluated as a function of water source during storm flow as it relates to landcover. By
evaluating the changes in [DOC] and quality as a function of water source during storm
flow using a more frequent (hourly) storm sampling routine than previous studies and by
comparing two watersheds differing in land use for the same storm, this study set out to
answer the question of whether there is a noticeable difference in DOC dynamics during
storms and whether the differences seen could be attributed to a particular aspect of the, .
landscape such as the forest canopy~ DOC optical properties, in terms of fl.uorescence and
6
absorbance characteristics were investigated, as well as other chemical parameters, such
as cations, were measured in samples of storm water, precipitation and throughfall. These
parameters are good indicators of the relative concentration or optical properties of DOC
during storms. The high temporal resolution of sampling during storm events (l hour
increments) used in this study was able to show in detail how stream chemistry and
hydrology changes over the course of a storm.
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METHODS
Study watersheds
To investigate the changes in the concentration and optical properties of DOC
during storms, two watersheds that differed in landcover were paired together to compare
the stream responses to the same storm. The two watersheds paired together for this study
are located in Northampton County in eastern Pennsylvania (Figure 2). The sampling
location for the first watershed is contained with the Jordan Creek Game Preserve and has
a land cover consisting of approximate 58% forest and 42% agriculture, with the stream
channel located in primarily forested land cover. This watershed will be referred to as the
forested watershed henceforth. The stream sampled in the forested watershed is a second
order tributary to Jordan Creek. The second watershed is located within a watershed
drained by a first order tributary to Switzer Creek located on private property. This
watershed is composed of approximately 76% agriculture and 24% forest, with the
stream channel. located adjacent to active agricultural fields. This watershed will be
. .
referred to as the agricultural watershed. Landcover percentages for both watersheds were
derived from data collected by the U.S. Geological Survey's 1999 National Land Cover
Dataset (NLCD) and incorporated into Geographical Information Systems (GIS). These
two watersheds were chosen due to their similarities in watershed size (3.98 km2 and 1.43
km2), order and size of the stream, land use/landcover characteristics, ease in stream
access, and proximity to each other (approximately 3.2 km).
The forested area in both watersheds is a mixture of deciduous and evergreen
trees. The majority of agricultural area is cropland consisting of crops such as corn and
soy. Both watersheds are underlain by carbonate bedrock. Total watershed area UPStream_
8
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of the sampling location is approximately 3.98 km2 in the forested watershed, and 1.43
km2 for the agricultural watershed, as determined by watershed delineation from a 10
meter USGS Digital Elevation Model (DEM) using GIS (ESRl AcrGIS 9.0). Both
watersheds experienced very low water levels (occasional drying of the stream bed) on
several occasions during the two summers of sampling when there were prolonged
periods with little or no precipitation.·
Legend
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Figure 2: The two streams sampledfor this study were located in eastern Pennsylvania.
The forested watershed (approximately 4.0 lan2 in size and 58% forest cover) is a
tributary to the Jordan Creek, while the agricultural watershed (approximately 1.4 lan2 in .
size and 76% agriculture) is a tributary to Switzer Creek. Their close proximity
(approximately 3.2 Ian) to each other allowed for both watersheds to be simultaneously
sampled during storms.
Sample collection
At each watershed, a modified Rubbermaid© garden shed (Figure 3) was placed
near the bank of the stream to provide housing for an ISCO© automated sampler, tipping
bucket rain gauge and the associated apparatus needed to connect and power these two
9
instruments. The ISCO© collects water level measurements using an in-stream pressure
transducer and rain measurements from the rain gauge in IS-minute increments. Samples
were taken according to a user-defined program. Two sampling itineraries were created
for the ISCO© to collect samples in this study. The fust of these itineraries is for periodic
sampling during base flow conditions, where stream samples are collected twice a day,
once at 6 AM and once at 6 PM. The second program is for storm sampling. This storm
program is initiated by the ISCO© to begin collecting samples on a schedule once the rain
gauge measures 0.07" of rain during a one hour time period. The schedule for sampling
'.
storms is predefined to decrease from one sample every hour to one sample every eight
hours, for a total of twenty-four samples during eighty-two hours. All samples were
collected at a constant position in each stream for base flow and stor:n1-41ow periods.
Samples collected were refrigerated and filtered within forty-eight hours of the end of the
sampling period.
During several storms, faulty precipitation measurements were recorded by the
automated rain gauge. In these instances, sampling was initiated at the correct time, but
total amounts were not correct. In these instances precipitation amounts were estimated
using other methods, such as by a manual rain gauge located at each sampling location or
the nearest rain gauge. Additionally, discharge was not measured as part of this study,
therefore, changes in stream level were calculated as the difference between the recorded
level and baseflow to determine the change in stream level during the course of the storm.
Rain and throughfall samples were also collected independently at each
watershed, both under both the forest canopy and under open sky conditions. The rain
and throughfall collectors consisted of modified Nalgene© bottles equipped with tubing
10
attached to funnels. A small sheet of nylon mesh was placed below the funnel to prevent
large particles from entering the sample bottle. The funnel, tubing and bottle were all
attached to a metal fence post approximately 5 feet off of the ground. The open sky rain
collectors wer,e placed in a nearby open area such as a field to ensure that samples being
collected were pure rain samples. Throughfall collectors were placed under mixed forest
canopy near each sampling location. These rain and throughfall funnels were entirely for
the purpose of collecting samples, although a qualitative measurement of sample volume
in the Nalgene© bottles were recorded. Cumulative rain totals were also recorded using
small manual commercial rain gauges (0.05 inch increments) because the electronic
tipping bucket rain gauge tended to record extra tips during rain events.
Figure 3: Each sampling location was equipped with an ISCO© automated sampler,
tipping bucket rain gauge and battery to power the equipment: This equipment was
housed and configured as seen in this figure.
11
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Level measurements and stream samples were collected over two periods of time,
from June 2004 to November 2004 and again in March 2005 to November 2005 (See
Table 1 for sampling start dates). Relative stream level was recorded with either a vented
pressure sensor (KPSI, Inc.) or bubbler (ISCO, Inc.) with an approximate resolution of
two mID. Stream discharge was not determined at these watersheds but stream level
changes from baseflow were used to give a relative measure of discharge. Multiple
storms were recorded and samples collected. Twice daily sampling also occurred
regularly. For the purpose of this paper, the two storms with the most defined rainfall
period and subsequent hydrographs will be discussed. These storms occurred on 17
September 2004 and on 2 April 2005.
The storm on 17 September 2004 occurred from the passing of the remnants of
Hurricane Ivan, which swept past the area dropping between five to seven inches of rain
over the two sampling areas within a twenty-four hour period of time causing a rapid rise
in stream level. During _the course of the storm, twenty-four water samples were
collected. The storm occurring on 2 April 2005 was less intense and resulted in
approximately one inch of rain over the course of the storm. Twenty-one stream samples
were collected per watershed. In addition to stream samples, both watersheds had fifteen
minute data on stream level, precipitation and conductivity for both storms. The results
and conclusions gained from the analysis of these two storms will be compared to other
storm data that was collected to analyze similarities and differences.
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Samplin Dates
STORM PERIODIC
September 8, 2005 July 30, 2004
September 17, 2005 August 10,2004
October 14, 2005 August 25,2004
November 12,2005 September 15, 2004
April 2, 2005 Apri126,2005
April 22, 2005 May 16,2005
July 1,2005 June 15,2005
July 5,2005 July 11, 2005
July 8, 2005 August 16, 2005
October 24, 2005
November 16, 2005
Table 1: There were 20 separate sampling dates where samples were
collected and some analyzed. Multiple other sampling dates were
attempted, but due to the unpredictable nature of storms and unforseen
equipment failures, these were unsuccessful. Of the 20 sets of samples
collected, the storm samples that began on 17 September 2004 and 2 April
2005 were analyzed in the greatest detail. '
Sample Analysis
Samples were analyzed for chromophoric dissolved organic matter (CDOM),
spectral absorption and fluorescence emission, major cations, and total organic carbon
(TOC). These optical and chemical parameters were examined relative to time, stream
level and each other to explore the possible correlations. All samples were filtered prior
to analysis and refrigerated until analysis. Samples to be used for cation analysis were
filtered using 0.45 micron nylon mesh filters and stored in 60 ml polyethylene Nalgene©
bottles. The remaining portion of the samples were vacuum filtered with pre-combusted
Whatman GF/F glass fiber filters that were pre-rinsed With deionized water prior to use.
These samples were stored and refrigerated in filtered into pre-combusted, pre-rinsed 40
ml EPA glass vials containing Teflon septum liners.
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UV optical density (aD) was measured between the wavelengths of 200 and 800
nm on a Shimadzu 1601-UV spectrophotometer using a 10 cm quartz cuvette referenced
to air. The spectrum for a "blank" sample of ultrapure deionized water was subtracted
from each sample measurement to remove water's influence on the measurement and to
calculate net OD at specific UV wavelengths. Net OD's were then converted to
absorption coefficients using the equation
'ledorn =ODnet * Ln(10)/L
where L is the cuvette optical path in meters.
(eq. 1)
CDOM spectral fluorescence was measured and analyzed similarly with a
Shimadzu 1501 Scanning Fluorometer. The emission wavelength for fluorescence was
scanned from 400-700 nm at an excitation wavelength of 370 nm. The net emission was
calculated by subtracting a "blank" spectrum for ultrapure deionized water from the
samples. The FI was calculated as the ratio of the samples' emission intensity at two
wavelengths (Em450:Em500).
Dissolved organic carbon concentration in filtered samples was determined (units
mg/L = parts per million) using a Shimadzu TOC-5000 analyzer calibrated with EPA-
certified standards. These DOC concentrations and absorbance values for each sample
were used to calculate DOC specific absorbance by dividing the absorbance at a specific
wavelength (such as 320 nm) by [DOC].
Cation concentrations were measured using an inductively coupled plasma mass
spectrometer (lCP-MS) from Thermo Electron. Standards were created from a stock
solution containing twenty-six different elements. Using Calcium as a primary cation of
14
importance, dilutions were made from the stock solution of 20, 10,5, 1, and 0.2 parts per
million (ppm). These dilutions were analyzed to create a calibration curve from which all
subsequent samples were run against. The ICP-MS comes with a program that
automatically takes the calibration into account when calculating the concentration of the
cations of interest. In a few circumstances, the resulting cation concentrations were
negative. This is a result of the calibration curve derived from a dilution of a stock
solution, where the~ cation concentrations are low enough to be on the verge of being
-,
below detection limit of the machine.
Hysteresis curves (correlations of concentration of two substances where the
timing of the correlation is also indicated) were developed to illustrate how correlations
varied over the course of each stonn. Figure 4 illustrates the basic assumptions when
assessing a hysteresis curve. Of primary importance when viewing these curves is the
degree of lag seen between the rising limb and the falling limb of the hydrograph as well
as whether the correlation is positive or negative. Several hysteresis curves were used in
this study to illustrate the correlations between DOC and stream level, terrestrial water
sources and groundwater sources.
These samples were further analyzed by comparing the changes seen in the
samples throughout the course of the stonn and changes between storm size, using
landcover and watershed characteristics to attempt to explain these differences and
'-
similarities. The multiple measurements taken for each sample for each storm allowed a
complete picture to be made of the changes that occur in stream chemistry as the stream
baseflow became mixed with waters influenced by elements originating outside of the-
stream.
15
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Figure 4: Hysteresis curves are used to illustrate the relationship between the
concentrations oftwo different parameters. The y-axis shows the concentration of
one substance while the x-axis shows the concentration ofthe other. Curves form an
oval shape when the rising andfalling phases ofstorm runoffgive different results
implying different pathways (assumed to be caused by time lag ofone relative to the
other).
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Results
Hydrology and Specific Conductance
For the purpose of this study, forty-five stream samples were collected and
analyzed in the greatest detail from the agricultural watershed and the forested watershed
\-
during two storm-sampling events that occurred on 2 April 2005 and 17 September 2004.
Other stonns and periodic samples were collected and analyzed in less detail. These
results were used to support the two stonns studied in the greatest detail. Tables 2a-d
contain the chemical compositions of the ninety stream samples collected. Samples
collected for the forested watershed covered a range of discharge between baseflow level
(time of year dependent to 99 cm above baseflow for the 17 September 2004 storm and
73 cm above baseflow for the 2 April 2005 stonn. The agricultural watershed showed a
wider variation in the rise in stream level for the agricultural watershed between stonns
from a rise of 133 cm above baseflow for the 17 September 2004 storm and 37 cm above
baseflow for the 2 April 2005 storm. The forested watershed shows a faster peaking
hydrograph whereas the agricultural watershed shows a iag in peaking as well as in return
to baseflow levels.
Of the major cations analyzed (Calcium, Sodium, Potassium, Aluminum,
Manganese, Magnesium), Calcium was present at the highest concentration for both
watersheds (average value for the stonn on 17 September 2004 was 27,000 parts per
billion (Ppb) for the forested watershed and 32,500 for the agricultural watershed;
average value for the storm on 17 September 2004 was 15,000 ppb for the forested
watershed and 15,500 for the agricultural watershed and for both storms. FI values
ranged between 1.75 and 1.50 and DOC ranged from 0.71 to 4.46 ppm.
\
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Although several chemical and optical measurements for these watersheds were
positively correlated with stream level such as DOC, Potassium, Aluminum, Manganese
. and DOC specific absorbance, most parameters were negatively correlated with stream
level (e.g. Calcium, Magnesium, and Sodium) as a result of the dilution of baseflow
(Figures 5a-d. Note: The x-axis on Figures 5a-b is the same, but the y-axis varies.
Similarly, the x-axis for Figures 5c-d is the same, but the y-axis varies). The correlation
of these parameters against the change in stream level and against each other indicates
that they are mpst likely from groundwater, the composition ofwhich is highly dependent
on the surrounding geology
Specific conductance (IlS/cm at 25°C) for both the forested watershed and the
agricultural watershed showed a negative correlation with stream level. Overall change in
conductivity was greatest in both the forested watershed and the agricultural watershed
for the larger storm occurring on 17 September 2004. The peak in conductivity for both
watersheds occurs at the maximum increase in stream level. Coinciding or slightly offset
with the minimum conductivity for both watersheds and both storms are minimum FI
values, Calcium, Magnesium, Sodium concentrations and maximum DOC, DOC specific
absorbance, Potassium, Aluminum concentrations.
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Table 2a: Forested Watershed, Storm 17 September 2004
Table 2b: Agricultural Watersned, Storm 17 September 2004
19
Table 2c: Forested Watershed, Storm 02 April 2005
Table 2d: Agricultural Watershed, Storm 02 April 2005
20
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Figures 5a-d: Figures 5a-b show the rise in stream level the relative rain intensity and
the variations seen in [DOC}, [Calcium}, [Potassium} and [Aluminum} from the storm
on 17 September 2004 for the forested watershed (5a) and the agricultural watershed
(5b). In both figures, Calcium shows a negative correlation with stream level, whereas
DOC, Potassium and Aluminum all show a positive correlation. The agricultural site
shows a higher concentration ofCalcium and Potassium than the forested site. Figures
5c-d show the rise in stream level the relative rain intensity and the variations seen in
[DOC}, [Calcium}, [Potassium} and [Aluminum} from the storm on 2 April 2005, for the
forested site (c) and agricultural site (d). Rainfall data were unavailable for this stqrm at
both sampling locations. The nearby Lehigh International Airport in Allentown, PA
recorded a total rainfall amount of 3.67 inches between 6:51 am on 2 April 2004 and
6:51 am on 4 April 2004. The concentration and change seen in the parameters
measured illustrates that this storm was smaller than the storm that occurred on 17
September 2004. These figures show similar trends to those seen in the storm from 17
September 2004 for both watersheds, where the rise in stream level shows a positive
correlation to the concentrations of DOC, Potassium and Aluminum, as well as a
negative correlation with Calcium
*Sodium was not plotted due to its very close similarity to Calcium. Similarly Manganese
was notplotted due to its siJ?1ilarity to Aluminum.
In both the forested watershed and the agricultural watershed, DOC
concentrations increased during the rising limb of the hydrograph and were highest just
prior to its peak (Figures Sa-d). Both watersheds showed an increase in [DOC] during the
course of each storm that was on the order of two to three times that of typical baseflow
concentrations. [DOC] in the forested watershed ranged from 1.21 ppm to 3.41 ppm
during the storm on 17 September 2004 and between 0.71 ppm and 1.80 ppm in the 2
April 2005 storm. Similar concentrations were seen in the agricultural watershed, which
had DOC concentrations between 1.38 ppm and 4.46 ppm during the 17 September 2004
storm and between 0.67 ppm and 1.44 ppm during the 2 April 2005 storm. Table 3
contains the average baseflow DOC concentrations prior to these two storms as well as
measurements from 12 other sampIing perio~ (baseflow and pre-storm flow). Differences
seen between the maximum DOC concentration and minimum DOC concentration were
independent of time of year and size of storm for both the forested watershed and the
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agricultural watershed. The agricultural watershed has consistently higher DOC baseflow
concentrations and a greater absolute increase in [DOC] during the course of each storm
than the forested watershed.
Average Baseflow [DOC] (ppm)
Date Forested Agricultural
April 2, 2005 1.15 1.07
April 22, 2005 0.97 1.94
April 27, 2005 0.77 1.54
July 4, 2005 * 3.07 -
July 8,2005 1.88 2.97
July 18, 2005 * 1.43 3.15
July 27, 2004 - 3.59
September 16,2004* 1.11 -
September 17, 2004 1.83 2.41
October 14,2004 1.12 1.85
October 16,2004 - 2.99
October 24, 2005 * 1.58 1.75
November 16, 2005 1.47 2.29
November 18, 2005* 0.94 1.49
Average 1.44 2.25
Standard Deviation 0.62 0.78
*denotes periqdic (twice daily) sampling dates.
Table 3: Average basejlow DOC concentrations (parts per million = mg/L) during 7
storms and 7 basejlow sampling periods for both the forested watershed and the
agricultural watershed. Each measurement is an average of two samples taken on that
day. This table is categorized seasonally by month and Day.
For both watersheds during the storms on 17 September 2004 and 2 April 2005,
[DOC] showed a wide and broad curve over time (Figures Sa-d) indicating that [DOC]
was continuously added during the course of a storm rather than as a pulse of new DOC
from overland flow. In hysteresis curves of DOC concentration plotted versus the change
in stream level, both watersheds exhibit a clockwise hysteresis pattern with a positive
correlation between [DOC] and the change stream level (Figure 6a-d). The hysteresis
loop pattern is more closed (less lag between the two parameters) in the forested
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watershed than in the agricultural watershed for both stonns, indicating a simpler system
less influenced by outside water sources. [DOC] in the forested watershed returned to
approximately baseflow concentrations for both the 2 April 2004 stonn and the 17
September 2005 stonn, whereas [DOC] in the agricultural watershed returned to lower
than baseflow conditions in both the 17 September 2004 stonn and the 2 April 2004
stonn.
DOC concentration was not measured in any of the precipitation or throughfall
samples.
DOC specific absorbance at wavelength 320 nm increased with increasing stream
level in both the agricultural and forested watershed for both stonns (Tables 2a-d).
Values for DOC specific absorbance for both watersheds and both stonns ranged between
2.63 and 4.94 with most values ranging between 3.5 and 4.5. The peak in DOC specific
absorbance occurs prior to the peak in the hydrograph in both watersheds for both stonns.
Following the initial peak in values, DOC specific absorbance returns quickly to
baseflow conditions where it remains for the duration of sampling.
The fluorescence index for both the forested watershed and agricultural watershed
during both stonns shows the opposite trend as DOC specific absorbance and DOC
concentration (Tables 2a-d). During the course of the stonn, the fluorescence index
shows a negative correlation with stream level. Fluorescence index values range between
1.50 and 1.72 during the September 17th 2004 stonn and 1.54 and 1.66 for the forested
watershed. Similar ranges were found in the agricultural watershed, between 1.50 and
1.68 for the 17 September 2004 stonn and 1.47 and 1.76 for the 2 April 2005 stonn.
These ranges in FI values indicate less overall change in the agricultural watershed
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compared to the forested watershed for both storms. Both watersheds also had FI values
that were lowest at the DOC maximums for both storms.
Figure 6a: Forested Watershed, Storm 17 September 2004 Figure 6e: Agricultural Watershed, Storm 17 September 2004
E ~
&:
()g 2
EQ.
~~g
2
~ ~ 00 ~ _ m ~
change In level (em)
Figure 6b: Forested Watershed, Storm 02 April 2005
5r-------------,
o ~ ~ 00 00 ~ m ~
change in level (em)
Figure ?d: Agricultural Watershed, Storm 02 April 2005
5r------------~
E ~
!l:
8
02
~ ~ 00 00 ~ rn ~
ehange in level (em)
~ • 00 00 a om ~
chenge in level (an)
Figures 6a-d: Hysteresis curves of [DOC] were plotted versus the rise in stream level
(measured as change from basejlow level) indicating that DOC concentration rises with
stream level, but with delay (lag) relative to stream level. Within the course ofsampling
for each storm, the forested watershed [DOC] returns to basejlow concentrations,
whereas the agricultural watershed [DOC] always returns to a value higher than the
corresponding basejlow [DOC).
There were twenty-eight precipitation samples analyzed for fluorescence,
generating an average FI value among them of 1.7. Additionally, thirty throughfall
samples were analyzed for fluorescence that produced an average FI value of 1.4. Table 4
lists the average FI values for the throughfall and precipitation data as well as the relevant
cation concentrations measured. There were no significant seasonal differences observed
in FI for throughfall and precipitation. Throughfall samples show a predominately
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autochthonous signal (1.4), with an average value of 1.5. Average FI values for
precipitation are predominately allochthonous (1.9) throughout the year.
c: 23Na 24Mg 27AI 39K 43Ca 55Mn 56Fe FIo (f)
'';:; E
('Il ....
."t:: 0
..... Thro.~ghfa.ll(ll 486.71 1369.55 65.02 7803.34 4203.21 121.36 46.11 1.440.. ....
'13 (f)
Precipitation (Plw= 359.03 198.90 11.33 576.40 910.41 16.39 40.43 1.70.... ('Il
0..
Ratio lP 1.36 6.89 5.74 13.54 4.62 7.40 1.14 -
Table 4: Average throughfall and precipitation measurements from the duration of the
study show a distinct difference in DOC source as indicated by the Fluorescence Index.
The average FI of throughfall samples is at the allochthonous end of the scale whereas
the average precipitation FI is towards the autochthonous end of the scale. Cation
analysis was done in order to determine a trace element unique to canopy throughfall
that could be used as a "source signal" in the stream samples. All cation concentrations
are in parts per billion.
Stream and Rain Cation Chemistry
The cations of importance measured in this study were Calcium, Magnesium,
Sodium, Aluminum, Potassium and Manganese. Three of these, Calcium, Magnesium
and Sodium, showed a negative correlation with stream level, whereas Potassium,
Aluminum and Manganese, showed a positive correlation with stream level, indicating
that they were derived outside of the stream allochthonously (Figures Sa-d). There is a
higher concentration of Calcium, Potassium, and Sodium seen in samples from the
agricultural watershed than from the forested watershed. A very high concentration peak
of Potassium was seen in the agricultural watershed in the 2 April 2004 storm that is
attributed to fertilizer runoff from the agricultural fields within the watershed.
Calcium, Magnesium and Sodium each showed negative correlations with stream
level for both watersheds during both storms. In general, Calcium and Magnesium react
similarly during the course of each storm for each watershed, indicating they. are likely
derived from the same source. Sodium also shows this pattern, but shows evidence that
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there is another small, unidentified external pool of Sodium contributing to its overall
concentration during storm flow. These results demonstrate that Calcium, Magnesium
and Sodium are typically found in their highest concentrations during baseflow conditions
and become dilute as stream level increases.
For both the 17 September 2004 storm and 2 April 2005 storm, [Potassium] shows
a positive correlation with stream level. In the forested watershed, the concentration of
[Potassium] plotted against stream level shows a similar pattern on the rising limb of the
hydrograph as on the falling limb of the hydrograph. Manganese and Aluminum also
showed a similar pattern, but with much lower concentrations.
Precipitation and throughfall samples were analyzed for cations to determine
whether there is a unique cation marker in throughfall that could be used as an indicator
of throughfall-contributed DOC. Of the cations analyzed (shown in Table 4), Aluminum
and Manganese were the most unique to the throughfall samples and Potassium was the
most abundant. A simple ratio between the average throughfall concentrations and
precipitation concentrations revealed a ratio of 5.74 for Aluminum, 7.40 for Manganese
and 13.54 for Potassium. The other measured cations present in the stream samples were
common constituents of the stream water both during baseflow and storm conditions and
were thus not of interest as indicators of throughfall. These results show that Potassium,
Aluminum and Manganese have the best potential to be used as tracers of water source.
Within both streams during the storms analyzed, [Potassium] shows a dramatic
increase during the rise in stream level that supports the idea"that it could be used as a
tracer of the dilution of baseflow by overland and throughfall flow (Figures 5a-d).
Magnesium and Calcium are also seen in high concentrations during baseflow conditions,
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but they become diluted during the course of a storm indicating that they are groundwater
based; therefore, they cannot be used as tracers of the throughfall influence on the DOC
in streams. For both watersheds, baseflow concentrations of Aluminum are near the limit
of detection and rose with increasing stream level to 33 ppb in the case of the forested
watershed during the 2 April 2005 storm and 13 ppb during the 17 September 2004
storm. Likewise, the Aluminum reached a concentration of 14 ppb in the 17 September
2004 storm and 4.5 ppb in the 2 April 2005 storm. Manganese exhibited the same pattern
as Aluminum during both storms for both watersheds.
There are clear differences in the hysteresis patterns between the forested
watershed and the agricultural watershed. Each of the hysteresis curves of [DOC] in ppm
plotted against [Calcium] in ppb (Figures 7a-d) is in a counter-clockwise direction. All
show the dilution of [Calcium] during the course of each storm as it relates to the increase
in [DOC] as a negative correlation (with the exception of the storm on 2 April 2005).
Within the agricultural watershed (Figures 7a-b), [DOC] and [Calcium] do not cross
indicating a gradual mixing of the two sources, whereas in the forested watershed
(Figures 7c-d), [DOC] and [Calcium] cross, indicating a less gradual mixing of the two
sources and the influence of other outside water sources. Supporting evidence of this
trend is seen in the speed that the forested watershed returns to baseflow levels during
each storm.
With the exception of the storm occurring on 17 September 2004 for the forested
watershed, hysteresis curves (Figures 8a-d) of [DOC] plotted versus [Potassium] are in
the clockwise direction. In the forested watershed, the rise in [DOC] corresponds to a rise
in [Potassium], showing a positive correlation. This is a clear indication that they are
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derived from the same source during the course of a storm. The relationship between
[DOC] and [Potassium] is less clear, indicating another source of Potassium or DOC
within the stream that dilutes the [DOC] versus [Potassium] signal.
FIgure 7a:. Forested Watershed, Storm 17 September 2004 FIgure 7c: Agricultural Watershed, Storm 17 September 2004
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Figures 7a-d: Hysteresis curves ofDOC concentration were plotted versus Calcium
concentration. These hysteresis curves show a negative correlation between [Calcium]
and [DOC]. Rotation on each ofthese hysteresis curves is in the counter-clockwise
direction, exceptfor the samples occurring during the storm on 2 April 2005. These
curves show the dilution by storm runoffofCalcium, a common constituent of
groundwater, as [DOC] increases, thus highlighting the difference in sources between
Calcium and DOC.
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Figure Sa: Forested Watershed, Storm 17 September 2004
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Figure 8c: Agricultural Watershed, Storm 17 September 2004
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Figure 8b: Forested Watershed, Storm 02 April 2005 Figure 8d: Agricultural Watershed, Storm 02 April 2005
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Figures 8a-d: Hysteresis curves ofDOC concentration plotted versus Potassium
concentration. The curve for the agricultural watershed during the 17 September 2004
storm goes in a counter-clockwise direction, whereas the other 3 curves go in a clockwise
direction. In figures 8a-c, there is a positive correlation between [Potassium] and [DOC]
with less lag experienced in the forested site than in the agricultural site.
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Figure 9a: Forested Watershed, Storm 17 September 2004 Figure 9a: Agricultural Watershed, Storm 17 September 2004
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Figures 9a-d: Hysteresis curves ofDOC concentration plotted versus Aluminum
concentration. In allfour graphs, the relationship between [DOC] and [Aluminum] is in
a clockwise direction. There is a positive correlation between [Aluminum] and [DOC]
with a slightly larger lag between parameters seen in the agricultural site.
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Figures 10a-d: Hysteresis curves ofDOC concentration plotted versus Manganese
concentration. In figures a-d, the hysteresis curve is in a clockwise direction. There is a
positive correlation between the DOC concentration and Manganese concentration with
a similar degree oflag between sites and storms.
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For the hysteresis curves of [DOC] plotted against [Aluminum] (Figures 9a-d)
and [Manganese] (Figures 10a-d), the curve was in a clockwise direction as was seen in
the curves of [DOC] plotted versus [Potassium], with the exception of the [DOC] versus
[potassium] for the agricultural watershed during the 17 September 2004 storm that was
in a counter-clockwise direction. The two parameters have a slight positive correlation
with the agricultural watershed with a greater lag than the forested watershed. Overall
concentrations of Aluminum and Manganese are in the low ppb range. Values plott~d are
shown as negative concentrations due to an uncorrected calibration curve derived during
sampling. Actual concentrations are not negative. The greatest export quantity of
Aluminum and Manganese was seen in the forested watershed.
The figures of DOC concentration plotted against the ratio of the concentration of
Calcium to the concentration of Potassium (Figure 11) were developed from the analysis
of the chemical and optical characteristics on a watershed and storm specific basis. These
plots were created to graphically illustrate the similarities and differences between the
two watersheds over the course of several storm events. The ratio of Calcium
concentration to Potassium concentration was used to illustrate the shift between
groundwater (Calcium) and surface water and throughfall (potassium). A high ratio of
Calcium to Potassium is observed during baseflow conditions and a low ratio is observed
during peak storm flows. For both the forested and the agricultural watersheds, there is an
obvious correlation seen between [DOC] and the [Calcium] to [potassium] ratio, where
low [Calcium] to [Potassium] ratios correspond to high [DOC] and vice versa. The
resulting trends from these data exhibit similar slopes, but are shifted up and down and
left and right of each other in ways that are independent of watershed, storm size and
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season. This study was not able to detennine the cause of these shifts with the parameters
measured.
Several of the stonns for both watersheds exhibited similar slopes and y-
intercepts between both watersheds; therefore, these stonns were grouped together in
Figure 13. Results indicate that there is significant relationship (r2 of 0.61, p = 0.0001)
between [DOC] and the ratio of [Calcium] and [Potassium]. Additional data for these
stonns individually is located in Table 5, which shows this relationship in all stonn data
analyzed. The average slopes derived were as follows: -0.25 for the forested watershed, -
0.12 for the. agricultural watershed, and -0.15 for the forested and agricultural watershed
combined.
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Figure 11: Plot of[DOC] versus the ratio of[Calcium] over [potassium]
for 6 storms that were analyzed in the forested watershed
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Figure 13: Plot of[DOC] versus the ratio of[Calcium] over [potassium]
for 4 of the storms sampled during this study from a combination of the
forested and the agricultural watersheds. The relationship among all
storms decreases as more storms are added A similar plot of the storms
beginning on 2 April 2005, 17 September 2004 and 24 October 2005
resulted in an R2 value ofO. 736 and a slope of-0.2.
Table 5: Table of the regression of DOC plotted versus the ratio of
Calcium to Potassium for 6 storms that were sampled over the course of
this study. The average slopes derived were as follows: -0.25 for the
forested watershed, -0.12 for the agricultural watershed, and -0.15 for the
forested and agricultural watershed combined
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DISCUSSION
This study supports the work by Gergel et al. (1999) that changes in the flux and
pathways of DOC during the course of a storm results in both a concentration and quality
change. The extent ofthese changes is a function on the frequency ofprevious storms and
drought in the area being studied. Watersheds respond differently to storm events
depending on its intensity and duration of rainfall, soil moisture, surface slope, soil type,
predominant land use and the rock mineralogy of the watershed.
During dry weather conditions in this region (where snowpack does not contribute
to stream baseflow), the chemical composition of baseflow in stream water is typically
that of groundwater. The cations Calcium and Magnesium are major constituents of
groundwater sources and their dilution during the course of the storm indicates the
introduction of other water sources into the stream channel such as direct precipitation
and overland flow consisting of soil water and throughfall.
The time-series curves in Figures 5a-d and the hysteresis curves in figures 7a-d
illustrate the switch from mainly groundwater within the stream to overland flow during
storms. The April storm shows a simple dilution of the groundwater Calcium signal
during the high flow part of the hydrograph (Magnesium is not plotted, but would exhibit
a similar trend). The September storm shows an initial increase in [Calcium] (Figures 7a
and b) during the early part of the storm, followed by the more typical rapid decline in
concentration after the hydrograph peak. This initial pulse of groundwater-dominated
cations is most likely due to a flushing of groundwater into the stream, as infiltrated
precipitation drives the hydraulic head near the stream and pushes groundwater out of the
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system to make room for new. This phenomenon was also observed by Caissie (1996)
and Sklash (1979).
The fluorescence index (FI) is an optical property of DOC that has been shown to
indicate whether DOC source is decayed terrestrial organic matter rich in lignin
(allochthonous) or microbial biomass produced in the stream (autochthonous). In an
earlier study of small watersheds in this region (Belmont, 2003), baseflow stream
measurements of [DOC] and FI values were inversely correlated with percent forest
cover. Baseflow FI values showed that there was significant autochthonous DOC
production in the observed streams during baseflow. The actual source of this extra
autochthonous DOC in agricultural stream baseflow was not identified, but biofilm
(epiphytic algae and bacteria growing on rock surfaces) is the most likely source.
During the course of a storm, it is hypothesized that the sources of water changes
from predominantly groundwater to a combination of overland flow and throughfall back
to groundwater sources. The fluorescence index values in addition to the cation data we
have collected demonstrate this change. At baseflow conditions, the FI shows a highly
microbial signal and DOC is at its lowest concentration. With the advent of rain in both
watersheds, the FI changes to a more terrestrial signal; DOC concentrations rise and
baseflow concentrations of groundwater-indicating cations become diluted with the
increase in flow from terrestrial sources. This shows that as the concentration of DOC in
the stream increases, the predominant source changes to more terrestrial derived DOC.
This change in optical quality is also correlated with the increase in DOC specific
absorbance during the course of the storms because the composition of terrestrial DOC is
generally "bulkier" and able to absorb greater UV per unit of carbon.
39
This study was able to show that the chemistry in these two streams changes from
an autochthonous source of DOC (as measured by the FI index) to a more allochthonous
source of DOC and back again during storm events. Detailed analysis of stream
chemistry, in particular cation analysis illustrated the changes in water source during each
storm. This was indicated by the variation in concentration of the measured cations: they
are either a component of baseflow and become diluted during a storm by an inundation
of water from outside the stream, or they are terrestrially based and flood the system with
an increase in cation concentrations as they travel from throughfall, soil water, overland
flow and direct precipitation.
During baseflow conditions, the average FI is 1.5 for the forested watershed and
1.6 for the agricultural watershed indicating that the source of DOC for both streams has
a significant autochthonous component (derived from algae and/or bacteria). It is
hypothesized that the majority of the stream autochthonous DOC is coming from the in-
stream photosynthetic production of biofilm. The actual source of this autochthonous
DOC cannot be determined from this study. An alternate source that could result in a
similar FI signal is microbially-processed; groundwater, a factor not considered by
McKnight et al. (2001) in her development of the fluorescence index. Further research is
recommended on this topic by way of further analyzing the DOC molecules to find their
ongm.
Studies by Ladouche, House and Katsuyama (2001) on hydrograph separation
used detailed analysis of stream storm samples on times scales as low as three hours and
as high as biweekly. A true hydrograph separation could not be performed in this
research due to a lack of discharge data available for each stream; instead the change in
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stream level was used as a proxy for discharge. Future research using similar methods to
this study is recommended, with the addition of discharge data to allow the hydrograph to
be fully separated into source pools to further distinguish the source of DOC during the
course of a storm.
The relationships discovered between [DOC] and the ratio of [Calcium] to
[Potassium] appears to be independent of watershed and storm size, but vary somewhat
with season. Further research is recommended to tease apart the underlying relationship
that drives the [Calcium] to [Potassium] ratio and whether similar relationships exist in
other data. Additionally, this relationship should be explored within other storm samples
at different watersheds differing in land cover to· discover whether it is a local
relationship due to the proximity of the two watersheds to each other, whether it is a
stream size dependent relationship due to the small size of the two streams being studied
and whether it is a effect of the large percentage of agricultural land in both watersheds.
Although [DOC] of throughfall and precipitation samples was not analyzed due to
time constraints, it is theorized that there is a significant amount of DOC in throughfall.
Evidence of this can be seen in the FI values calculated comparing an average throughfall
value of 1.46 to an average precipitation value of 1.7. This study was not able to fully
explore whether DOC from throughfall is a significant portion of the concentration of
DOC seen in streams during storms. Future research should use more in-depth
throughfall sampling, as well as soil-water, and groundwater sampling to gain an accurate
picture of the chemical features of the stream being studied. These additional samples
will allow better resolution ofhydrograph analysis than was present in this study.
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Throughfall samples were also analyzed in order to investigate whether they
contained a cation unique to their source for use as a tracer. The cation data collected in
this study for throughfall and precipitation indicated the presence of Sodium,
Magnesium, Aluminum, Potassium, Calcium, Manganese, and Iron in the greatest
quantities. Potassium, Aluminum and Manganese were present in the greatest
concentrations in the throughfall, indicating the greatest potential for use as a source
indicator during storms. This observation was most likely a result of road dust that has
settled onto leaf surfaces and was washed off during rain events. Stream samples support
the evidence that these cations could be used as indicators of throughfall in stream
discharge due to the rise in their concentrations during the course of a storm from
baseflow concentrations.
Further research is recommended with more extensive throughfall sampling and
analysis to explore the potential that there is indeed a significant tracer element within
throughfall that could be used as a source indicator. Future research should be conducted
in a watershed with a higher percentage of forest cover than this study to further
r/ .
distinguish between the effects of a forested watershed and an agricultural watershed.
Such research might exhibit a higher flux of Aluminum and Manganese than was present
in this study by increasing the surface area with which road dust and could settle onto
leaves before being washed into a during a precipitation event.
The role of DOC export as it relates to landcover was explored in this study.
During the course of this study, the forested watershed exported an average of 1.4 ppm of
DOC during storm events while the agricultural watershed exported 2.3 ppb DOC.
During baseflow the difference in [DOC] between the watersheds showed a similar
42
relationship. This result supports the theory that forested watershed export less DOC due
to the more steady state of the trees as compared to crops. In terms of the seasonality of
the DOC that is exported, there was a slight rise in concentration seen in the summer
months that were sampled. This rise in concentration also corresponds to a higher
autochthonous signal in the summer months for throughfall samples. The precipitation
samples, which are predominately autochthonous at an FI value of 1.7 to having more of
an allochthonous, influence during summer months that could correspond to the
decomposition of terrestrial material that has fallen into the stream.
Forest cover also plays an important role in the flux of organic carbon into the
system. Trees and other vegetation are able to hold the land surface together better than
semi-permanent or seasonal crops. This stabilization of the soil by vegetation prevents
large-scale erosion and large losses of DOC and PM into the stream. Areas high in
agriculture will have seasonal fluxes in the amounts of PM and carbon that is transported
into the streams due to the seasonality of crops in the eastern United States. Precipitation
that comes into contact with the canopy (throughfall) becomes a mixture of wet
deposition, dry deposition and canopy processes such as uptake or leaching that wash off
of the leaves. Therefore throughfall has a terrestrial component that shows a noticeable
effect on stream water chemistry (Lawrence and Fernandez 1993). During wet
precipitation events, the leaves are washed and everything the leaves collected or released
is deposited directly onto the surface of the stream or onto the soil surface, where it
becomes mixed with soil water. This study also was able to clearly support the hypothesis
that agricultural watersheds export a greater concentration of DOC as expected due to the
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yearly disturbance seen within agricultural watersheds when compared to forested
watersheds.
This study could not resolve the question of whether th~ increase in DOC that
occurs during storm runoff is primarily from soil or from the leaves and other above
ground vegetation, and whether this storm source of DOC differed between forest and
agricultural watersheds. Future studies will be needed to determine the relative
importance of soil versus above ground vegetation during storm runoff, and the
importance of forest versus agricultural land cover in this relationship.
There was no one relationship or graph that was able to clearly explain the
changes in DOC concentration and optical quality. Instead a series of graphs was able to
illustrate that the forested watershed responds to storms differently than the agricultural
watershed. Instead, a series of graphs was able to illustrate that the two systems are
.,
inherently different. DOC quality was clearly shown to change significantly during the
course of a storm from primarily autochthonous sources to allochthonous sources. The
high frequency of sampling during the early portion of the storms studied was able to see
clear relationships and changes in DOC quality and quantity during the course of a storm
as well as changes in the concentrations of cations and optical measurements that would
be missed during lower frequency sampling. Further research is recommended with the
same sampling frequency for each storm and for other watersheds to determine whether
the results seen were a regional effect, stream-size dependent or dependent on the amount
of agricultural land. Additional sampling of all potential water sources during storms is
also recommended to further tease apart the relationships between the changes seen in
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DOC quality and quantity, especially soil water and groundwater, which were not
collected during this study.
In conclusion, this study was able to show that DOC concentration and optical
properties change .during the course of a storm. The degree and magnitude of these
changes were shown to be different for a forested watershed and an agricultural
watershed for the same storm. Using the FI and cation tracers, the different source pools
of DOC that contribute to stream chemistry during storms was determined and clear
evidence was seen that during the course of a storm, DOC source changes from mainly
autochthonous to allochthonous and back again during baseflow conditions. Cations and
DOC optical properties could be used as tracers of DOC source. Finally, canopy
throughfall has been shown to influence stream storm DOC, although the degree and
magnitude of which needs to be studied further.
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